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ABSTRACT
Queue storage at a metered freeway on-ramp is an essential design element for metered on-
ramps to prevent on-ramp queue from extending beyond on-ramps. In this paper, various
existing methodologies that are used to size the queue storage at metered on-ramps were first
reviewed. It was found that queue storage sized using 7% of peak hour on-ramp demand is
widely accepted in practice. A limited dataset collected in California helps provide some reality
check for this method. It is recommended that queue storage be recognized as an indispensable
design element at metered on-ramps, and detailed sizing guidance be developed in the highway
geometric design policy of the American Association of State Highway and Transportation
Officials (AASHTO).
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1. INTRODUCTION
1.1. Background
Ramp metering is to place a traffic signal at an on-ramp to regulate demand entering a
freeway. By doing so, overloading of downstream freeway bottlenecks may be
prevented, and in turn, the total delay of both freeway and on-ramp may be reduced.
Such benefits of ramp metering have been well documented. As evidenced by the
Minnesota study, when ramp meters were turned off, freeway throughput decreased by
9%, travel time increased by 22%, speeds dropped by 7% and crash increased by 26%
[1]. Recent studies conducted in the San Francisco Bay Area have indicated that ramp
metering system reduced the travel time by 30% along an 18 mile long stretch of Route
580 [2]. In view of the ever-increasing difficult level of adding more capacity to the existing
freeway system, ramp metering becomes an even more critical piece of the system
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management puzzle. In California, the Department of Transportation (Caltrans) is
committed to using ramp metering as an effective traffic management strategy to
maintain an efficient freeway system and protect the investment made in constructing
freeways by keeping them operating at or near capacity [3].
Ramp metering has profound impacts upon the operations and therefore design of
an on-ramp. When an on-ramp is metered, all on-ramp traffic has to stop or queue
upstream of the limit line before accelerating and merging with mainline traffic. The
entire length of the on-ramp is therefore divided by the limit line into the upstream
queue storage portion, and the downstream acceleration portion. Upstream of the
queue storage portion, stopping sight distance have to be provided so that the
approaching motorists may join the back of queue safely. Therefore, a metered on-
ramp may call for longer on-ramp length as compared with its un-metered
counterpart. For multilane on-ramps as shown in Figure 1, the necessary transitional
distance between the multilane and single lane sections may call for even longer
on-ramps.
The challenging fact is that ramp metering came into being after most of the
interstate highway system was constructed, and seldom were the existing on-ramps
designed with ramp metering in mind. In ramp metering applications, ramp meters can
only be retrofitted onto the existing ramps, and this is bound to be met with difficulties.
For an existing on-ramp with fixed length, storage needs have to compete against the
necessary acceleration distance. As a result, storage needs may not always be satisfied,
leading to on-ramp queue overspill if both freeway-mainline and on-ramp demands are
high. Indeed, on-ramp queue overspill is one of the most common reasons why ramp
metering is not accepted by local agencies. Insufficient queue storage is jeopardizing
the implementation of ramp metering.
It is the purpose of this paper to investigate and identify a reasonable approach on how
to size the queue storage needs for new or re-constructed metered on-ramps. In the
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Figure 1. Schematic drawing of a metered on-ramp
following Section, the state of the practice for metered on-ramp design across the United
States and Australia will be presented. The well-accepted queue storage sizing practice
will be identified. In Section 3, a reality check of the identified design practice will be
conducted using data collected in California. In the final Section, a summary will be
presented. Discussions on the acceleration length are deferred to future research. It
should be pointed out that, throughout this paper, storage refers to the number of vehicles
stored; while storage length refers to the distance occupied by the vehicles stored.
2. THE CHALLENGE OF THE QUEUE STORAGE ISSUE
Queue length at a ramp meter can be estimated deterministically or statistically using
queuing theory. The arrival rate is the on-ramp demand, the departure rate is the
metering rate, and the queue length is the accumulated difference between the arrival
and departure rate over time. For time-of-day metering with fixed metering rate, on-
ramp queue length is related to the metering rate and on-ramp demand. For local
responsive, or system wide adaptive metering, metering rate becomes responsive to both
on-ramp and mainline demand, on-ramp queue length is therefore dynamically related
to on-ramp demand, metering rate, and mainline flow. The dynamic nature of the
parameters involved makes queue length estimation challenging. Higher on-ramp
demand may not automatically lead to more storage need; while lower on-ramp demand
may call for longer storage length to contain the queue.
In some ramp metering algorithms, real time queue length is used to adjust the
metering rate. This is the so-called ‘queue overriding’ metering strategy. In this strategy,
the metering rate increases when on-ramp queue becomes longer than a certain
threshold, e.g. 70~80% of the available on-ramp storage length. As evidenced in several
studies [4, 5, 6], accurate real time queue length estimation was very difficult to achieve,
and only Kalman filter and vehicle magnetic signature detection methods produced
some useful results. As the purposes of those studies were mostly for real-time control
other than infrastructure design; the queue length estimation methods developed in these
studies did not lend well to support the current effort.
A bigger challenge to the on-ramp infrastructure designers is that not all of the
dynamic parameters, including metering rate, on-ramp demand, and mainline operating
conditions are available at design time. Besides, the detailed metering operation
mechanism may not be determined, yet. Assumptions have to be made in order to
estimate the storage needs using queuing theory. Depending on the ways the
assumptions were made, various methodologies were developed. The methodologies
can be grouped into the following five categories:
• Category I: Assuming that the maximum individual waiting time is known;
• Category II: Assuming that the average time spent at an on-ramp is known;
• Category III: Mimicking similar existing on-ramps;
• Category IV: Mimicking the queue storage design at signalized or
unsignalized intersections; and
• Category V: Conducting mathematical modeling.
The five categories of methodologies are reviewed in the following Section.
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3. REVIEW OF EXISTING METHODOLOGIES
3.1. Category I: Assuming that the Maximum Tolerable Individual Delay is Known
In the early 1990s, Rodney Oto, an engineer for the California Department of
Transportation (Caltrans) in the San Francisco Bay Area proposed a storage design
method for metered on-ramps. The basis is the fundamental queuing diagram, or the
input-output diagram as shown in Figure 2. In triangle ABC, the maximum number of
vehicles stored, AC, is related to the maximum individual delay, AB, and the departure
rate, or slope CB, as:
AC = AB × Slop CB (1)
That is:
(2)
where, S = single lane on-ramp storage, or the maximum number of vehicles that can
be stored; dmax = the maximum individual delay, minutes; and µ = the departure rate, or
metering rate. Apparently, storage needs can be interpreted as a certain percentage of
metering rate µ. Based on Oto’s observations in the San Francisco Bay Area, the
maximum individual delay is between 8~10 minutes for ramps with an average metering
rate of about 300 vph. If the maximum individual delay, dmax is assumed to be 10
minutes (any longer waiting time will cause diversion), and the metering rate is assumed
as 300 vph, the design storage can be determined as
S = ×

 × =
10
60
100 300 50% vehicles.
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Figure 2. Determination of storage need based on input-output diagram
According to the Traffic Engineering Handbook [7], the typical spacing occupied by
one vehicle in queue is about 25 foot (ft). The storage length, L, can therefore be
determined as (25 × S) = 1250 ft. The spacing occupied by queued vehicles may be
slightly different depending upon studies. For example, in California, the spacing was
observed as about 29 ft [8], while in Australia, 28 ft [9].
This method is advantageous when on-ramp forecast demand is not available.
With the maximum individual delay and departure rate assumed known, the actual
on-ramp demand becomes irrelevant in the estimation of the storage needs. However,
the method does suffer from the constant departure rate assumption. In practice, the
departure rate ranges from 240 to 900, vph per lane for one-vehicle-per-green
operations. The metering rate may update dynamically as response to mainline
traffic situations. In addition, a 10-minute maximum individual delay observed in the
San Francisco Bay Area may not be universally applicable, even within the State of
California.
The Australian Method. In the design manual of VicRoads, Australia [9],
storage length is determined based on the queuing diagram as shown previously in
Figure 2. The maximum waiting time per vehicle is selected as four minutes. The
spacing between queued vehicles at on-ramps is 28 ft (8.5 m). Because the average
metering rate must be equal to the average arrival rate throughout a metering period,
the average arrival rate is recommended to be used as the metering rate to determine
storage needs. For example, when the on-ramp design flow rate is 600 vph, then for
the one-vehicle-per-green type of operations, the single-lane storage length can be
calculated based on Equation (2) as:
3.2. Category II: Assuming that the Average Time Spent at an On-Ramp is Known
According to Little’s law, the average number of customers, S
–
, in a queuing system is
equal to the average arrival rate of customers to that system, λ, times the average time,
d
–
, spent in that system [10]. A ramp metering system is a queuing system. The average
number of customers (vehicles) in the system is equal to the average arrival rate, λ,
multiplied by the average time spent in the system. Therefore, the storage need in terms
of number of vehicles can be determined as:
(3)
where, S
–
= the storage for a single lane on-ramp, vehicles; d– = the average time spent
in the metering system, minutes; and λ = the average arrival rate, vphpl.
S
d
= ×




×
60
100% λ
L S= × = ×

 × × =28
4
60
100 600 28 1120 340% ( )ft m .
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In practice, as long as the average time spent at the on-ramp is assumed, the storage
may be determined as a percentage of the average arrival rate. For example, as tabulated
in Table 1, if the average time spent at an on-ramp is assumed to be 4 minutes, then the
storage length can be designed as 6.67% (= 4/60*100%) of the average arrival rate
multiplied by 25 ft. In other words, every 100 arriving vehicles call for 167 ft of storage.
On the other hand, if the average time spent at an on-ramp is increased to 10 minutes,
then the storage has to be designed using 16.67% of the average arrival rate. Apparently,
the average storage length needed and the average arrival rate is linearly proportional.
It should be pointed out that the average time spent at a ramp metering system is
different from the maximum individual delay mentioned in the previous method. The
time spent at an on-ramp starts when a vehicle joins the back of on-ramp queue and ends
when the vehicle clears the downstream limit line. The maximum individual delay is the
maximum delay caused by a ramp meter for an individual vehicle.
The Minnesota Method. In the Traffic Engineering Manual of the Minnesota
Department of Transportation [11], the minimum storage distance between the cross
street and the ramp control signal is recommended as 25 feet per vehicle for a six-
minute volume (10% of peak hour volume). The manual further recommends that
two-lane ramps with single-lane entrance should be used for all on-ramps with
projected peak-hour volumes of 500 vph or greater. The width of all ramps should be
adequately graded for future pavement widening to accommodate an HOV
preferential ramp.
The Wisconsin Method. In the Intelligent Transportation System Design Manual of
the Wisconsin Department of Transportation [12], on-ramp must provide storage for a
minimum of 10% of the current peak hour volume to ensure that the ramp meter queue
does not extend onto the surface street. This factor is the key in determining whether the
ramp will contain one or two Single Occupancy Vehicle (SOV) lanes. For
reconstruction case, on-ramp storage should accommodate a minimum of 10% of the
design year projected peak hour volume. For ramp meters retrofitted onto existing
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Table 1. Storage length design based on Little’s Law
Average tolerable % of Average Average storage need for 
delay, d
–
, minute arrival rate every 100 vph arrival, ft
1 1.67 42
2 3.33 83
3 5.00 125
4 6.67 167
5 8.33 208
6 10.00 250
7 11.67 292
8 13.33 333
9 15.00 375
10 16.67 417
conditions, a minimum storage of 5% of the current peak hour volume may be used with
additional approval.
3.3. Category III: Mimicking Similar Existing On-Ramps
In the current Caltrans Ramp Metering Design Manual [13], the on-ramp queue
storage is determined using the arrival-discharge chart method. The basis of this
method is arrival-discharge counts at very short intervals, say 6 minutes. Arrival
counts are the on-ramp demand; while discharge counts are in fact the metering
rates. In order to facilitate its implementation, a structured arrival-discharge chart as
shown in Figure 3 was developed. The vertical axis represents the arrival and
discharge counts; while the horizontal axis time. When the arrival curve falls above
the discharge curve, queue forms and accumulates. At the end of the study period,
the maximum queue length, total delay, total number of vehicles delayed and the
average delay can be determined.
This method was adopted by the Arizona Department of Transportation in the
Arizona’s Ramp Meter Design, Operations, and Maintenance Guidelines [14]. The
required storage need is advised to be calculated using 5 or 15-minute arrival rates
of the current peak period and at an anticipated or current ramp meter discharge
rates.
The arrival-discharge chart method entails arrival and discharge counts, it is
therefore appropriate only for the assessment of existing ramp meters. For new on-ramp
design, it may not work due to the difficulty obtaining both arrival and discharge counts.
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Figure 3. Arrival-discharge charts
However, if some ‘similar’ existing on-ramps can be identified, this method may be
used to determine the storage need for ‘similar’ new on-ramps. By the same token, if
demand forecast information and anticipated metering rates are available, this method
may also be used to roughly estimate queue storage need.
3.4. Category IV: Mimicking the Storage Length Design at Signalized or
Unsignalized Intersections
Storage for turning movements is a typical geometric design element for both highway
and urban street intersections. According to the warrants and guidelines for left turn and
right turn movements provided by the American Association of State Highway and
Transportation Officials (AASHTO), the storage need for a left-turn pocket at a
signalized intersection is recommended to be designed based on two times of the
average arrivals per cycle in the peak hour [15]. That is:
(4)
where, C is the signal cycle, seconds; and V is peak hour volume. If the cycle length, C,
is assumed as 60, 90, 120, and 180 seconds, then the storage required is 3.3% 
(= 2*C/3600*100%), 5%, 6.67%, and 10% of the peak hour volume, respectively. The
longer the cycle length, the longer the storage length is needed. At unsignalized
intersections, the storage for the turning pockets is recommended to be determined
based on the arrival in an average two-minute period in the peak hour [15]. This is the
well-accepted ‘2-minute rule’. According to this rule, storage should be designed as
3.3% (= 2/60*100%) of peak hour volume. This is equivalent to using a cycle length of
60 seconds in Equation (4).
In Nevada, the storage length for a metered on-ramp is determined using the
following Equation (5) [16]:
(5)
where, λ = the average hourly arrival rate, vph; PHF = Peak Hour Factor, use 0.8; 
C = signal cycle length, which is assumed as 120 seconds; D = the lane distribution
factor, use 0.55 for two lane facility. Clearly, this method is suggesting using 3.3% of
the directional peak hour volume as storage.
When plug in PHF = 0.8, C = 120 s, D = 0.55, one finds that S = 2.29% λ, or
2.29% of the average hourly arrival rate. For a two-lane facility, the total storage is
twice that or 4.58% of the average hourly arrival rate. For example, when λ = 
500 vph, S can be determined as 344 ft for a single lane facility, or 688 ft for a two
lane facility.
S
C D
PHF
= ×

 × ×

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3.5. Category V: Conducting Mathematical Modeling
In order to determine the storage length for a single lane on-ramp, the researchers at the
Texas Transportation Institute (TTI) developed the following mathematical model [17]:
(6)
where, L = storage length, m; and V = peak hour volume (demand), vph, V ≤ 1600 vph.
The storage can be determined using Equation (7):
(7)
The percentage number in Equation (7) is a declining function of the peak hour
volume. The higher the peak hour volume is, the lower the percentage number. For
example, when peak hour volume is 500 vph, the percentage number is 2.8%, and the
storage is 14 vehicles; while when peak hour volume is increased to 1600 vph, the
percentage number reduces to 1.72%, and the storage is 28 vehicles. Each stored vehicle
is assumed to occupy 25 ft.
The storage length determined by this model is much shorter than that recommended
by Nevada, Minnesota, and Wisconsin Departments of Transportation. The special
frontage road and freeway configuration in Texas might be part of the reason for such
short recommended storage length. However, the researchers did recommend that the
minimum stopping sight distance of 250 ft be added to the length of metered on-ramps,
which might be used as storage in practice.
4. WHAT IS AN APPROPRIATE PERCENTAGE NUMBER?
In most of the methods reviewed above, storage is recommended to be designed as a
certain percentage of peak hour volume. The percentage number is 3.3% for Nevada,
6.67% for Australia, 10% for Minnesota and Wisconsin methods; and the percentage
number ranges between 1.72% and 3.3% for the Texas method. Which percentage
number is appropriate, then? An evaluation study of on-ramp control in Los Angeles
provided an opportunity to verify to what extent the storage designed based on some of
the methods previously reviewed will satisfy the actual need.
4.1. The Los Angeles Study
In 1978, an extensive ramp metering evaluation study was conducted in Los Angeles along
west bound (WB) I-10 between Route 110 and Overland Ave [18]. Very detailed data
regarding ramp metering operations for each on-ramp was collected. For each 15-min time
period in the afternoon peak period from 15:00 to 18:30, the on-ramp demand, metering
rate, and average time spent behind ramp meter were observed at each of the 12 on-ramps
studied. The original data format for the Hoover Street on-ramp is shown in Table 2.
As illustrated in Table 2, only the average waiting time (average time spent upstream
of a ramp meter) for each 15-minute period was observed but not the number of vehicles
in queue. Therefore, Little’s Law was used to determine the queue, or the number of
vehicles in the system. Take the 15:30 to 15:45 interval as an example. In this interval, the
S V V= × − × ⋅( ) ×( ) ⋅− −3 28 10 9 74 10 1002 6. . %
L V V= ⋅ − ⋅0 25 0 00007422 2. .
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average time spent at the on-ramp was observed to be 45 seconds, and the on-ramp
demand was observed to be 67 vehicles. The queue can therefore be determined as: 3
(45/900 × 67) vehicles. Continue the process to determine the queue for every interval, and
the longest queue, or the highest number of vehicles in the system can be found as 35
throughout the entire peak period from 15:30 to 18:30. The longest queue constitutes the
maximum observed needs for on-ramp storage. In the same peak period, the peak hour
volume is 373, which occurs from 15:45 to 16:45. Repeat the calculations for all of the 12
on-ramps throughout the peak period (15:30–18:30), the maximum storage need and the
corresponding peak hour demand for each on-ramp are tabulated in Table 3.
In Table 3, on-ramp location, number of lanes, type of on-ramps, peak hour demand,
the maximum storage need observed, and storage designed as 7%, and 10% of peak
hour demand are tabulated. The type of on-ramps refers to the configuration of on-
ramps, which include hook, loop, diagonal, and connector four types. The basic
configuration for each type of on-ramps is illustrated in Figure 4. Connector is the
connection between two freeways.
Take Hoover St. on-ramp as an example, if storage is designed as 7% of peak hour
volume, the storage should be designed as 26 (= 373 × 7%) vehicles. This is shorter than
the observed 35 vehicles, and therefore Hoover St. will experience on-ramp queue
overspill in peak hours. If storage is designed as 10% of peak hour demand, then storage
will exceed the maximum observed queue. Therefore, 10% as storage will ensure no
queue overspill at Hoover St. on-ramp. Repeat the process for all 12 on-ramps, one finds
that when storage is designed as 7% of peak hour volume, 8 out of 12 (67%) on-ramps
will be able to contain the queue; while when storage is designed using 10% of peak
hour volume, 10 out of 12 (83%) on-ramps will be able to contain the on-ramp queue.
In the same fashion, one can also find when storage is designed using 5% and 12% of
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Table 2. Illustration of observed information for the Hoover St. on-ramp
15-min Average Time Spent Demand in Average Queue Determined
Intervals at On-Ramps 15 minutes using Little’s Law, veh.
15:30-15:45 0’45” 67 3
15:45-16:00 0’45” 96 5
16:00-16:15 1’0” 100 7
16:15-16:30 0’45” 82 4
16:30-16:45 5’30” 95 35
16:45-17:00 7’00” 51 24
17:00-17:15 6’14” 59 25
17:15-17:30 6’48” 67 30
17:30-17:45 6’00” 53 21
17:45-18:00 4’30” 56 17
18:00-18:15 3’00” 58 12
18:15-18:30 2’00” 60 8
Total 844
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Table 3. The reality check using data collected by the Los Angeles study [18]
No. On-Ramp Number of Type of Peak Hour The Max. Storage Storage
Location lanes* On-Ramp Demand, Storage Designed Designed
vph Needs using 7% using 10%
Observed, of Peak of Peak
veh. Hour Hour
Demand, Demand,
veh. veh.
1 Hoover St. 1SOV+1HOV Hook 373 35 26 37
2 Vermont Ave 1SOV+1HOV Diagonal 456 29 32 46
3 Normandie Ave. 2 SOV Diagonal 262 19 18 26
4 Western Ave. 1SOV+1HOV Diagonal 321 18 22 32
5 Arlington Ave. 2 SOV Diagonal 386 9 27 39
6 Crenshaw Bl 1SOV+1HOV Diagonal 316 21 22 32
7 La Brea N/B 1 SOV Loop 189 2 13 19
8 La Brea S/B 2 SOV Diagonal 393 42 28 39
9 Fairfax Ave. 1SOV+1HOV Diagonal 343 36 24 34
10 La Cienega Bl 2 SOV Diagonal 444 22 31 44
11 Robertson Bl 2 SOV Connector 899 3 63 90
12 Overland Ave. 2 SOV Loop 962 3 67 96
* SOV = single occupancy vehicle; HOV = high occupancy vehicle, 1SOV + 1HOV means there are one SOV (mixed flow, or general
purpose) lane and one HOV lane at the on-ramp.
Free-flow
Loop on-ramp 
 Partial cloverleaf
Loop on-ramp 
Hook on -ramp
Direct connection
diagonal on-ramp
Outer connection
diagonal on-ramp Diamond on-ramp
Connector
Figure 4. Typical metered on-ramp configurations
peak hour volume, 4 out of 12 (33%), and 12 out of 12 (100%) on-ramps will be able
to contain queues.
The relationship between the percentage number of peak hour volume and the
percentage number of on-ramps that are able to contain the queues is then charted in
Figure 5. From Figure 5, one can see clearly that using 7% of peak hour volume as
design storage is reasonable. This is because the curve deflects around 7% point, beyond
which the marginal utility (percentage of on-ramps that are able to contain the queues)
starts to diminish.
One may notice that for the two high-volume on-ramps, namely Robertson Blvd. and
Overland Ave., the on-ramp storage is way over-designed for the observed queue. This
is one of the shortcomings using a fixed percentage of peak hour volume as design
storage. When the on-ramp metering rate is high, the on-ramp queue may become way
smaller than that determined using a fixed percentage value of the peak hour volume.
Therefore, multiple factors should be jointly considered in determining the length of on-
ramps (storage capacity), which include on-ramp peak hour volume, metering rates, and
mainline operating conditions. This is especially true for the storage design for freeway-
to-freeway connectors at system interchanges.
5. WHAT IS THE STORAGE SITUATION AT EXISTING ON-RAMPS AND WHAT 
TO DO?
5.1. The Storage Situation at Existing On-Ramps
Not all existing on-ramps are designed with a storage as high as 7% of peak hour
volume. What is the storage adequacy situation at the existing on-ramps, then? To
answer this question, one stretch of freeway 405 was investigated in Los Angeles from
Orange/Los Angeles County line to Route 105.
There are 61 on-ramps in this stretch of the 405 freeway with 22 hook ramps, 20 loop
ramps, and 19 diagonal ramps. Note that the number of loop on-ramps includes both
continuous flow and partial cloverleaf types of loop on-ramps; while the number of
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diagonal ramps includes both diagonal and diamond types of on-ramps. All these on-
ramps are currently metered. Three out of the 61 on-ramps have no peak hour volume
information. Of the rest 58 on-ramps, the lowest and highest peak hour volume is 200
and 1400 vph, respectively. As shown in Table 4, about 52% (30/58) of the on-ramps
have a peak hour volume less than 500 vph; 38% (22/58) between 500 and 900 vph; and
less than 10% (6/58) more than 900 vph.
The storage length for each on-ramp was measured either in the field or using
aerial photos or satellite images. Only the SOV lane storage is studied. This is
because HOV traffic is typically preferentially treated with higher metering rate, and
storage is often adequate. The observation indicated that the HOV volumes at these
61 on-ramps range between 12.6% to 45.9% of the total on-ramp volume during
peak periods.
For the 61 on-ramps investigated, the available storage for the SOV lanes is measured
at between 1.4% and 26% of the peak hour volumes. For example, if the available
storage is 20 vehicles, and the peak hour volume is 500 vehicles, then the storage is 4%
(20/500 × 100%) of the peak hour volume. The existing storage and the corresponding
peak hour volume for these existing on-ramps are depicted in Figure 5. Clearly, the
majority (66%) of available storage is less than 5% of the peak hour volume. Out of the
58 on-ramps depicted, there are only 7 seven sites (or 12%) provide a storage exceeding
7% of peak hour volume. This fact indicates that the shortage of storage at the existing
on-ramps is commonplace, judged using 7% as an appropriate percentage number. In
order to prevent on-ramp queue from overspill, one has to either physically increase
storage capacity, or strategically improve ramp metering operations to mitigate queue
overspill.
5.2. Provide Adequate Storage Through Infrastructure Improvement
Infrastructure improvement, such as on-ramp widening and lengthening will increase
on-ramp storage. In the Caltrans Ramp Metering Design Manual [13], two-lane on-
ramp has to be considered when peak hour volume reaches 500 vph. It is also a Caltrans
policy to install an HOV preferential lane at all metered on-ramps [3]. The policy
essentially requires that all metered on-ramps should have a minimum of two lanes. The
HOV preferential lane handles the HOV traffic, which helps reduce the storage needs at
the mixed-flow lanes.
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Table 4. Characteristics of the 61 on-ramps investigated
Type of Ramps Hook Loop Diagonal Total
Total PHV ≤ 500 10 12 8 30
Number of 500<PHV ≤ 900 9 7 6 22
Ramps PHV > 900 2 1 3 6
Total Number of Ramps 22 20 19 61
* PHV = Peak Hour Volume, veh.
Both on-ramp widening and lengthening have limits. For example, widening a loop
on-ramp to three lanes or more is challenging in terms of truck operations and roadway
design. Lengthening may need to increase the loop radius and therefore call for larger
interchange footprint. Therefore, improvement of the connecting local roads, especially
the ramp terminal intersections has long been recognized as a viable strategy helping
accommodate on-ramp queues. As illustrated in the Ramp Management and Control
Handbook [19] of the Federal Highway Administration, turning pockets at the ramp
terminal intersections may be lengthened and used as storage space for on-ramp queues.
This is particularly important for loop on-ramps, which is typically less than 600 ft long.
Of course, coordination between freeway and local road owners and operators is
necessary to make such system improvement a reality. It would be best if the on-ramp
queue issue is considered in the planning, design, and operations of the ramp terminal
intersections. In terms of implementing motorway management, the Australians showed
the necessary determination: “All on-ramps are suitable for metering! If not, they must
be rebuilt: widened or lengthened [20].” Indeed, infrastructure design is intended for
operations. When operational scheme changes, such as when an on-ramp becomes
metered, the infrastructure design has to be adjusted accordingly.
5.3. Improve Ramp Metering Operations
Another way to mitigating the on-ramp queue overspill issue is through the
improvement of metering operations. Queue-override (increase metering rate when on-
ramp queue length extends beyond a pre-defined threshold) is a built-in feature for most
ramp metering algorithms. On-ramp queue may also be flushed onto freeway mainline
when overspill occurs. However, on-ramp queue flushed onto mainline may lead to
mainline flow to break down, and defeat the purpose of ramp metering.
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Figure 6. Comparison of existing storage and peak hour volume at existing 
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Coordination of ramp meter and upstream street signals at neighboring intersections
is being tested in the San Francisco Bay Area [21]. Such coordination may help alleviate
overloading of an on-ramp with imminent queue overspill issues. The on-ramp demand
can be stored on the arterial systems through signal timing adjustments. On the other
hand, at on-ramps with no queue overspill issue, on-ramp storage may be used to
improve the performance of the arterial systems.
Two-vehicles-per-green is widely accepted as a way to increasing metering rate and
hence reducing storage needs. However, because motorists may miss cycles in two-
vehicles-per-green type of operations, the actual discharge rate may be much smaller
than the intended metering rate. Field observation in Sacramento, California for a two-
lane two-vehicles-per-green type of operations is shown in Table 5. At this metered on-
ramp (SB I-5 at P Street), the metering rate is set at 1100 vph per lane with a cycle
length of 6.5 seconds. The actual discharge rate was observed only as 1533 vph, or 70%
of (2 × 1100). Therefore, implementation of two-vehicle-per-green must take such
inefficiency into consideration. Motorist education may be necessary to ensure success
[22]. In San Diego, California, the practical discharge rate range for two-vehicles-per-
green is 480 vph to 1000 vph per lane.
When implementing two-vehicles-per-green type of operation scheme, it should also
be born in mind that metering rate is limited by the capacity of the mainline right most
lane. Generally, the merging capacity at an on-ramp is about 1500 vph per lane. If the
flow rate for the right-most lane is 1000 vph, the maximum metering rate should not
exceed 500 vph. It is just a wishful thinking when cranking up metering rate without
considering mainline performance.
6. SUMMARY
The storage design issue at metered on-ramps was brought up in this paper. The existing
methodologies for storage design are first reviewed. It was found that on-ramp storage
is typically designed based on a certain percentage of on-ramp peak hour 
volume. Efforts were then made to find out the appropriate percentage number to size
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Table 5. Evaluation of the efficiency of two-vehicles-per-green operations
Time Car Bus Motorcycle Total No. of 5-minute
vehicles counted flow rate, vph
4:14:00~4:19:00 133 0 0 133 1596
4:19:00~4:24:00 128 2 1 131 1572
4:24:00~4:29:00 126 1 1 128 1536
4:29:00~4:34:00 118 2 0 120 1440
4:34:00~4:39:00 130 0 0 130 1560
4:39:00~4:44:00 123 0 2 125 1500
4:44:00~4:49:00 127 1 1 129 1548
4:49:00~4:54:00 123 3 0 126 1512
Average Flow Rate, vph 1533
storage. A 1978 study in Los Angeles indicated that 7% of peak hour volume is a
reasonable choice, which provided adequate storage at 8 out of 12 on-ramps.
In the last part of the paper, a snap-shot of the storage adequacy situation at 61
existing metered on-ramps in California was provided. Based on the investigation of
these 61 on-ramps, it was found that only 7 sites (12%) provided a storage that is equal
to or more than 7% of on-ramp peak hour volume. The lack of storage space at metered
on-ramps is prevalent. To ensure successful ramp metering operations, on-ramp storage
has to be physically increased, or used more efficiently.
Infrastructure, such as an on-ramp, is designed for its safe and efficient traffic
operations. A metered on-ramp, therefore, should be designed to cater to the way the
meter operates. Sizing of the on-ramp ought to consider the ramp metering mechanisms,
besides the on-ramp demand, and mainline operating conditions. Models could be
developed to guide optimized on-ramp design, or evaluate existing design by
considering different operational schemes. Such effort is underway while the paper was
written.
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